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Abstract 

This study investigates potential causes of a novel blister-like syndrome in the plating coral Echinopora lamellosa. Visual 
inspections of this novel coral syndrome showed no obvious signs of macroparasites and the blisters themselves manifested 
as fluid-filled sacs on the surface of the coral, which rose from the coenosarc between the coral polyps. Histological analysis 
of the blisters showed that there was no associated necrosis with the epidermal or gastrodermal tissues. The only difference 
between blistered areas and apparently healthy tissues was the presence of proliferated growth (possible mucosal cell 
hyperplasia) directly at the blister interface (area between where the edge of the blister joined apparently healthy tissue). 
No bacterial aggregates were identified in any histological samples, nor any sign of tissue necrosis identified. We conclude, 
that the blister formations are not apparently caused by a specific microbial infection, but instead may be the result of 
irritation following growth anomalies of the epidermis. However, future work should be conducted to search for other 
potential casual agents, including viruses. 
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Introduction 

According to the UNEP Global Coral Disease Database [1], 
there are currently 27 types of disease reported to affect wild 
scleractinian corals throughout the world. These diseases include: 
coral bleaching, white plagues, white syndromes, yellow band 
diseases, black band disease, coral cUiate infections, fungal 
infections and growth anomalies. Most commonly, coral diseases 
are attributed to bacterial pathogens, such as cyanobacteria in 
Black Band Disease [2—5] and a Vibrio consortium in Yellow Band 
Disease [6,7]. Other pathogenic agents in corals receive consid- 
erably less attention but include cUiates, associated with Brown 
Band Disease [8,9], White Syndrome [8], Skeletal Eroding Band 
[10,ll]and the Caribbean CUiate Infection [12], and fungal 
pathogens associated with Dark Spot Syndrome [13] and 
Aspergillosis in gorgonian sea fans [14-17]. 

Coral growth anomaKes on the other hand have received even 
less attention. Work et al. [18] described the appearance of 8 
varying types of growth anomaly existing in corals belonging to the 
genera Acropora alone, highlighting the importance of this 
syndrome to the health of corals. Predominantly, those studies 
which focus on this area of research appear to largely pertain to 
irregularities in skeletal growth [18-25], with few reports on 
associated hyperplasia and hypertrophy [18-20,25]. Although 
focus on coral disease in the wild is currendy high, research on 
aquarium coral diseases is severely lacking in the scientific 
literature, as highlighted by the recent review. Sweet et al. [26]. 
Although published reports of aquarium diseases are rare, there is 
a substantial amount of anecdotal reports of novel diseases by 



hobbyists and aquarium curators [27]. One such disease or 
syndrome is blistering of the epidermis. These blisters are thought 
to only affect the epidermis, appearing as raised 'sacs' (up to 
~ 1 cm^) on the surface of the coral. These 'blisters' often rupture, 
and a disease, similar in appearance to the wild type known as 
White Syndrome' [26] occurs, often resulting in the loss of whole 
colonies. 

This study, therefore, aimed to assess bhstered Echinopora 
lamellosa corals and directiy compare them to healthy E. larrullosa 
colonies kept in the same environment. We assessed these changes 
with histological sections of healthy tissues and tissues pertaining to 
the blister itself. Furthermore, as many coral diseases are 
associated with pathogenic microorganisms, we wanted to screen 
this syndrome for presence of any known coral pathogens. 

Methods 

Specimens of Echinopora lamellosa present within the aquarium 
system at the Zoological Society of London (ZSL) were found to 
demonstrate the formation of blister-like mounds in surface tissue 
(Fig. 1). A preliminary pathological examination carried out at 
ZSL was inconclusive, with no evidence of bacteria or metazoa, 
but two types of ciliated protozoa were observed in direct 
microscopic preparations of affected tissue, and some fungal 
hyphae in a histological preparation. Further samples were divided 
and placed in 5% paraformaldehyde for histological analysis and 
100% ethanol for microbial analysis (see below). Whole corals 
samples were collected and separated into healthy non-affected 
coral separate from the blistered coral (H); apparently healthy 
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skeleton and tissue 1 cm away but adjacent from a blister (AH); 
and the blister (B) itself. AH and B tissues were sourced from only 
two colonies of E. lamellosa as these were the only corals which 
were showing signs of the syndrome. However, multiple replicates 
of the blister themselves on these corals were analysed within this 
study to allow for any variation between samples. 

All coral samples used in this work were donated by the 
Zoological Society of London with the permission of the aquarium 
team. 

Histological Analysis 

Samples for histological analysis (n = 5 for each sample type) 
were preserved in 50 ml falcon tubes containing 5% paraformal- 
dehyde for 24 hr and subsequently stored in 100% EtOH before 
embedding in LR white resin [28] . B tissue sections were of the 
actual raised blister tissue itself All tissue sections were cut to a 
thickness of 1 ^Im using a diamond knife on a RMC MT-XL 
ultramicrotome. H and B survey sections were stained using the 
general DNA stain toluidine blue [27]. To assess the extent of 
tissue necrosis, the stain nigrosin was applied to tissue sections 
[28]. Necrotic cells would appear black/brown in colouration; a 
lack of staining indicates tissues are not necrotic. Acridine orange, 
utilised to dilferentiate live/dead tissues and localise any micro- 
organisms was also used [29,30]. Positive controls were carried out 
for each stain by applying them to sections from other diseased 
scleractinian corals that were positive for bacterial aggregates, as 
well as tissue necrosis (Figure SI). Sections were viewed at 
magnification x 1000 using a Leica DMRB light microscope and 
images taken using an integrating camera (QICAM Fast 1394). 

DNA Extraction and Microbial Analysis 

To determine microbial community shifts in response to blister 
formation on the surface of Echinopora lamellosa, n = 3 samples for 
each sample type (H, AH and B) were analysed. Upon sampling, 
coral fragments were stored in 50 ml falcon tubes fiUed with 100% 
Ethanol and kept at 4°C until fragments were to be individually 
crushed using a sterilised pestle and mortar. DNA of whole coral 
samples was extracted using the QIAGEN DNeasy Blood and 
Tissue Kit and resultant extracted DNA stored at 4°C. 

Bacterial 16 S rRNA gene diversity was assessed using the 
universal bacterial primers 357F (5'-CCTACGGGAGGCAG- 
CAG-3') and 518R (5'ATTACCGCGGCTGCTGG-3') foUow- 
ing the procedure by Sweet et al. [31] Ciliate-specific 18S rRNA 
gene amplification was carried out using the same cHiate primers 
as Sweet and Bythell [8]; forward primer CilF (5'-TGGTAGTG- 
TATTGGACWACCA-3') with a 36 bp GC clamp [32] attached 
to the 5' end and the reverse primer CilDGGE-r (5'-TGAAAA- 



CATCCTTGGCAACTG-3'). ITS fungal 18S rRNA gene was 
amplified using a nested approach as in Sweet et al. [13]. First the 
primers ITSIF (5'-CTTGGTCATTTAGAGGAAGTAA-3') and 
tITS4 (5'-TCCTCCGCTTATTGATATGC-3') were used in the 
initial round of PGR. Followed by primers ITS3F (5'-GCATC- 
GATGAAGAACGCAGC-3') and ITS4-GC (5'- 

GGCCCTCCTCCGCTTATTGATATGC-3'). All protocols and 
PGR conditions were the same as Sweet et al. [13]. Algal 18S 
rRNA gene was amplified using the same un-nested approach as 
Zhao et al. [33]. The forward primers developed by Diez et al. 
[34]; EuklA (5'-CTGGTTGATGCTGCCAG-3') and the reverse 
primer Euk5 1 6r-GC 

(5'CGGCCGGGGCGCGCCCCGGGCGGGGCGGGGGGA- 
CGGGGGGAGCAGAGTTGCCCTCG-3') were used in PGR 
amplification. PGR reaction mixtures contained 10 ng of extract- 
ed template DNA, incubation buffer (MP Biomedicals), 2 mM 
MgCl2 (MP Biomedicals), 0.25 mM dNTP (QIAGEN), 0.5 mM of 
each primer and 2.5 U of DreamTaq^'^ DNA Polymerase 
(Fermentas). PGR amplification consisted of primary denaturation 
being carried out at 95°G for 2 min, followed by 35 PGR cycles at 
95°G for 30 sec, 50°G for 30 sec and 72°G for 2 min, 30 sec. A 
final elongation step at 72°G was then carried out for 7 min. AR 
PGR reactions listed above were carried out using a Hybaid PGR 
Express thermal cycler. Gontrols for all samples were run 
alongside the coral samples to ensure the PGR was successful. 

DGGE was performed using the D-code universal mutation 
detection system (Bio-Rad). Bacterial 16S rRNA and fungal PGR 
products were resolved on 10% (w/v) polyacrylamide gels using a 
30 to 60% denaturant gradient, while cHiate and microalgae PGR 
products were resolved on 6% (w/v) polyacrylamide gels using a 
32-42% denaturant gradient. DGGE was carried out for 16 hours 
at 60°G, with a constant voltage of 50 V. Gels were stained as per 
Sweet et al. [35]. To identify bands of most interest in the DGGE 
gels (those that represented the greatest difiFerences/similarities 
between samples), representative bands were excised from the gel, 
left overnight in Sigma molecular grade water and then re- 
amplified using primers 357F and 518R. The products of each re- 
amplified band were then verified by agarose gel electrophoresis 
[1% (w/v) agarose] with ethidium bromide staining and visualised 
using a UV transilluminator. PGR products were then purified 
using the QIAGEN PGR Purification Kit (see main methods 
section for complete description) and then labelled using a Big Dye 
(Applied Biosystems) transformation sequence kit and sent to 
Genevision (University of Newcastle) for sequencing. Sequences 
were then compared with sequences in the BLAST nucleotide 
database (NGBI) to allow for genus/species matching. Any 




Figure 1 . Photographs provided by the ZSL of Echinopora lamellosa fragments exhibiting blisters on the coral surface (highlighted 
by the arrows). Scale bars= 1 cm. 
doi:1 0.1 371 /journal.pone.009701 S.gOOl 
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heteroduplexes identified following repeated sequence alignments 
in BLAST [36] were removed from the data. 

Using Bionumerics 3.5 (Applied Maths BVBA) software, 
bacterial operation taxonomic units (OTUs) were defined from 
DGGE band-matching analysis. Standard internal marker lanes 
were used to allow for gel-to-gel comparisons. Tolerance and 
optimisation for band-matching was set at 1%. 

Statistical Analysis 

Relative bacterial operation taxonomic units (OTUs) were 
defined from DGGE band matching analysis using BioNumerics 
3.5 (Applied Maths BVBA) software. Tolerance and optimisation 
for band matching was set at 1%. For DGGE profiles, a pairwise 
ANOSIM based on Bray-Curtis indexes were performed to 
determine differences between gene assemblages associated with 
the different coral samples (H, AH, and B). In order to determine 
which bacterial ribotypes showed the greatest shifts in presence 
between sample types, similarity percentages (SIMPER) analyses 
were conducted. All statistical analyses on bacterial DGGE profiles 
were conducted using PRIMER V. 6 software [7,8,37], including 
a multidimensional scahng (MDS) plot based on Bray-Curtis 
similarities. 

Results 

Visual Assessment 

Visual inspection of the blisters carried out at the Zoological 
Society of London showed that the blisters varied in size from 
between 2 and 8 mm. Following visual inspection under dissecting 
microscope, blisters routinely occurred within the coenosarc and 
there were no visual signs of any macro organisms associated with 
the blistered tissue or the coral skeleton. The blisters were fluid 
filled sacs which contained coral mucus in some instances. 

Histology of Healthy and Blister-affected Tissues 

Survey sections stained with toluidine blue demonstrate no 
visual differences in the surface tissues of healthy and blister- 
affected samples (Fig. 2a, 2d), with the epidermis (mucocyte layer) 
and gastrodermis (zooxantheUae layer) appearing normal and 
intact in both sample types. The main difference between sample 
types was the presence of growth anomalies (GA) within all survey 
sections of bhster-affected samples (Fig. 3a, 3d). GAs appear to be 
morphologically similar to the coral mucocyte layer, with minute 
vesicles (~0.5-l |a,m in length) appearing therein and striations 
within the layer (Fig. 2a, 2d, 3a, 3d). Growth appeared to start 
from a centralised area (dashed arrow) and proliferate outwards 
(illustrating a possible hyperplasia), fiUing free spaces and pressing 
up against apparendy healthy tissue (Fig. 3a, 3d). Furthermore, 
separation of the epithelium from the underlying tissue revealing a 
cleft was apparent, likely resulting in the formation of a blister 
(Fig. 3a). Sections stained with acridine orange only exhibit 
fluorescence in the nuclei of zooxantheUae and host cells, as well as 
at sites of coral mucus (Figs. 2b, 2e, 3b, 3e). No tissue sections were 
found to test positive for signs of tissue necrosis (Fig. 2c, 2f, 3c, 3f). 

Variation in Microbial Diversity 

There- was no significant difference in 16S rRNA diversity 
between sampk- typ(;s (Pairwise ANOSIM; H and AH, R= 1, 
p = OA. H and B, R= Y, p = OA. AH and B, R = 0.852, p=0.l). 
Only two bacterial ribotypes were detected in blister-affected 
samples that were found to be completely absent in healthy and 
apparently healthy samples, including a ribot^pe similar to a 
Bacterioides species (GenBank accession number NR041446) and a 
Moritelh species (NR028880). In contrast seven ribotypes were 



found to be associated with the healthy holobiont, but increased in 
apparently healthy and blister samples. This includes ribotypes 
related to; a Bacteroides species (NR041446), a Bradyrhizobium species 
(CP000494), a Halohacteriacae species (NR 102920), a .Novosphingo- 
bium species (NR074261), a Pseudoalteromonas spei:ies (NR026221), a 
Shewanella species (NR044863) and a Tenacihaculum species 
(NR044498), with the Bradyrhizobium species (CP000494) showing 
a relative increase (in relation to DGGE band intensity) in 
apparently healthy and blister tissues. Certain ribotypes were 
found to be reduced or absent in apparendy healthy and blister 
samples compared to healthy samples. This includes ribotypes 
closely related to: an Arcobacter species (NR044549), a Chbrqfkxus 
species (NR102515), a Desulfotomaculum species (NR027608), a 
Mesorhizobium species (NR102452), a Pseudomonas species 
(NR102835), a Vibrio species (NR102976) and a species of 
Bacteroidetes (GQ274078). Another ribotype related to an Arcobacter 
species (NR102873) along with ribotypes related to a Cyanothece 
species (NR074265) and a Lactobacillus species (NR043182) were 
present across all samples, maintaining relatively high abundance 
in all sample types. 

There were no detectable ciliates or fungi associated with either 
the healthy, apparently healthy or blister-affected Echinopora 
lamellosa samples following molecular analysis. The only micro- 
algae, detected within this study were found to belong to 
Symbiodinium sp., the zooxantheUae normaUy associated with 
scleractinian corals. No invasive or pathogenic microalgae were 
found. 

Discussion 

This is the first study to describe a blister-like syndrome in the 
scleractinian coral Echinopora lamellosa. Histological analysis showed 
the epidermis of blister-affected samples was found to be simUar to 
that of healthy samples, with the corals Symbiodinium, appearing 
to remain intact and blistered tissues showing no signs of necrosis. 
Given that acridine orange only appeared to show autofluores- 
cence of coral, zooxantheUae and coral mucus, there were no 
microbial associates present within the blistered tissues, highlight- 
ing that in contrast to many other coral diseases [2-8,10,13- 
17,27,58,59], this syndrome is unlikely caused by microbial 
pathogens. Instead, aU blistered sections exhibited growth anom- 
alies of the coral tissue (GAs) that appeared morphologically 
simUar to the mucocyte layer of the epidermis. The main visual 
difference between GAs and the regular epidermis is that the GAs 
appear to grow outwards from a central point, with GAs possibly 
being an occurrence of hyperplasia in mucosal ceUs. This could 
potentially compromise healthy tissue as contact is made, resulting 
in irritation of the tissues and the formation of the blisters 
themselves. Based on comparative staining and comparisons with 
healthy tissue, GAs appear to show smaU aggregations of mucus, a 
multitude of tiny vesicles and striations within the tissue, similar to 
that found in association with mucocytes in rc'gular coral 
epidermis. The growth anomalies seen here in E. lamellosa differ 
from those reported in most other scleractinian corals, with reports 
of previous growth anomalies often including proliferated skeletal 
growth, resulting in nodular, exophytic calices [38-44]. These 
reports also state that tissue overlying skeletal growth anomalies is 
translucent (lacking zooxantheUae), whereas the blisters in this 
study maintain the same pigmentation to the surrounding 
apparendy healthy tissue (with zooxantheUae appearing normal 
in histological sections of blister-affected tissues). Growth anom- 
alies of the encrusting coral Montipora ejjlorescens have differed from 
this, being described as low-lying, umbonate growths (based on 
nomenclature for describing growth anomalies outiined by Work 
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Figure 2. Representative Kiistological sections from heaitKiy (a, b and c) and blister-affected (d, e and f) Echinopora lamellosa tissues 
embedded in LR white resin. Blister sections were taken at the blister-affected interface. A) and d) Survey sections stained with toluidine blue 
(E = epidermis, G = gastrodermis and Me = mesoglea). B) and e) Sections stained with acridine orange for the detection of bacteria, as visualised by red 
fluorescence. In this case, red fluorescence is attributed to autofluorescence of symbiotic algae nuclei and coral mucus (Mu). C) and f) Nigrosin 
staining, targeting necrotic tissues. Scale bars= 10 |im. 
doi:10.1371/journal.pone.0097018.g002 



and Aeby [45]), but still pertain to the coral skeleton [38]. The 
growth anomalies found in E. lamellosa do not appear to include 
exophytic growth of the underlying skeleton. Hyperplasia has 
previously been associated with growth anomalies in scleractinian 
corals, with previous reports identilying hyperplasia in the basal 
body wall [38,42]. Again, this differs to the observed hyperplasia in 
E. lamellosa in this study, with hyperplasia appearing to take place 
in the epidermal layer, potentially occurring in mucosal cells. 
Furthermore, hyperplasia in the encrusting coral Montipora spp has 
been found to be associated with microalgae in some instances 
[38]. However no invasive microalgae were identified in E. 
lamellosa exhibiting growth anomalies. Interestingly, reports of 
hyperplasia in soft corals on the other hand, has been found to 
take place in the coenenchyme, between polyps (the region in 
which blisters were found to occur here in E. lamellosa), but in soft 
corals, Williams et al [38] also found a distinct necrotizing 
component associated with growth anomalies (not found in E. 
lamellosa). 

Assessing the bacterial communities associated with healthy 
corals and their subsequent loss in response to a stress event or 
disease could highlight potential probiotic bacterium associated 
with the health of the holobiont [46] . In this study, the dominant 
prokaryotic community was not found to shift significandy 
between different health states, which is in contrast to other coral 
disease studies [8,47^9]. Only four bacterial ribotypes were 



present in healthy E. lamellosa samples and absent in both the 
apparently healthy tissues and the blistered samples. These 
included ribotypes closely related to a Desulfotomaculum species, a 
Mesorhizobium species, a Chlorqflexus species and a Pseudomonas 
species. The Desulfotomaculum and Mesorhizobium-relaxed species had 
relatively high abundance in healthy samples and thus a loss of 
these species from the coral-associated community may be of 
particular importance to coral health and function within the 
holobiont. Interestingly, Desulfotomaculum spp are spore forming 
sulphate-reducing bacteria that have previously been associated 
with black band disease in scleractinian corals [50,51], despite 
their association with only healthy tissue in this study. A 
Mesorhizobium sp has been associated with healthy scleractinian 
corals in the past [52], with this bacterium considered to have a 
symbiotic nitrogen-fixing relationship within the host coral [53]. 
Furthermore, Littman et al. [54] found Mesorhizobium sp to be 
specifically associated with the corals algal symbionts, the 
Sjmbiodinium that reside within the host coral, indicating that this 
symbiotic nitrogen-frxing association may actually be formed 
specifically between the Sjmbiodinium and the bacteria Mesorhizo- 
bium. 

Although there is yet to be any conclusive evidence linking viral 
infections with GAs in scleractinian corals, viruses have been 
associated with other diseases and stresses in scleractinian corals in 
the past [55]; including environmentally stressed corals [56], 
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Figure 3. Histological sections of growth anomalies (GA) only identified in blister-affected samples embedded in LR white resin. A) 

and d) Survey sections stained with toluidine blue. B) and e) Sections stained with acridine orange for the detection of bacteria, as visualised by red 
fluorescence. In this case, red fluorescence is attributed to autofluorescence of host nuclei (e.g. mucocyte nuclei). C) and f) Nigrosin staining, targeting 
necrotic tissues. Block arrow indicates epithelium separated from underlying tissue, revealing a cleft (represented by the asterisk). Dashed arrow 
highlights growth from a centralised area. Scale bars= 10 |a.m. 
doi:1 0.1 371 /journal.pone.009701 8.g003 



bleaching [57,58] and most recently, white plague disease [58]. 
Added to the association of viruses implicated in tumour formation 
in other marine organisms [59], including fibropapiUomatosis in 
marine turtles [60-63] and a plethora of fish tumours [64,65], 
there exists the potential that GAs in scleractinian corals may be 
the result of a viral infection [55,66,67]. To date, there are few 
coral disease studies that have addressed the role viruses in coral 
health and disease and future work should accommodate for this 
gap in the field of coral disease research. 

Finally, although we were unable to test for this fact, the coral 
skeleton of blister-affected specimens was found to be softer than 
that of healthy samples (assessed when crushing samples for 
microbial analysis). This suggests the structure of the coral skeleton 
may be impaired, with similar finds (such as a finer skeletal 
structure and lower skeletal density) being reported in other 
scleractinian corals exhibiting growth anomalies [42-44,68] . Thus, 
focus on skeletal effects of coral blisters warrants further 
investigation. To conclude, this is the first study to highlight the 
appearance of soft tissue growth anomalies in aquarium corals and 
highlights that the syndrome is unlikely to be the result of a 
microbial pathogenic agent (bacteria, fungi, protozoan or algae). 
More likely the blister formation appears to be the result of growth 



anomalies resulting from irregular epidermal growth. As these 
bhsters have been shown to be a precursor to instances of diseases 
such as White Syndrome, there is an obvious need to increase our 
understanding of this syndrome in both aquarium systems and in 
the wild. Future work should focus on further isolation and 
understanding of similar blister-like pathologies in other scler- 
actinian coral species. 

Supporting Information 

Figure SI Histological sections of scleractinian corals 
positively stained with nigrosin and acridine orange, 
respectively. A) Section of a scleractinian coral stained with 
nigrosin to reveal necrosis in coral associated zooxanthellae 
(highlighted by black arrow). B) Section of a scleractinian coral 
stained with acridine orange to reveal bacterial aggregates (white 
arrows). Scale bars = 10 |Xm. 
(TIFF) 



PLOS ONE I www.plosone.org 



5 



IVIay2014 | Volume 9 | Issue 5 | e97018 



Blister-Like Syndrome in Echinoporo tamellosa 



Acknowledgments 

All coral samples used in this work were donated by ihc Zoological Society 
of London. Preliminary histopathology was carried out by A. Pocknell, 
Finn Pathologists. 

References 

1. (2010) Global Coral Disease Database. L'XEP World Conservation Monitoring 
Centre. 

2. Carlton RG, Richardson LL (1995) Oxygen and sulfide dynamics in a 
horizontally migrating cyanobacterial mat: black band disease of corals. FEMS 
Microbiology Ecology 18: 155-162. 

3. Viehman S, Mills DK, Meichel GW, Richardson LL (2006) Culture and 
identification of Desulfovibrio spp. from corals infected by black band disease on 
Dominican and Florida Keys reefs. Diseases of Aquatic organisms 69: 119—127. 

4. Klaus JS, Jansc I, Foukc BW (2011) Coral black band disease microbial 
communities and genotypic variability of the dominant eyanobacteria 
(CDlCll). Bulletin of Marine Science 87: 795-821. 

5. Bourne DG, Muirhcad A, Sato Y (2010) Changes in sulfate-reducing bacterial 
populations during the onset of black band disease. The ISME journal 5: 559- 
564. 

6. Cervino JM, Thompson FL, Gomez-Gil B, Lorence EA, Goreau TJ, et al. (2008) 
The Vibrio core group induces yellow band disease in Caribbean and Indo- 
Pacific reef-building corals. Journal of Applied Microbiology 105: 1658—1671. 

7. Croquer A, Bastidas C, EUiott A, Sweet M (2012) Bacterial assemblages shifts 
from healthy to yellow band disease states in the dominant reef coral Alontastraea 
faveolata. Environmental Microbiology Reports. 

8. Sweet M, Bythell J (2012) Ciliate and bacterial communities associated with 
White Syndrome and Brown Band Disease in reef-buUding corals. Environ- 
mental Microbiology. 

9. Bourne DG, Boyett HV, Henderson ME, Muirhead A, Willis BL (2008) 
Identification of a ciliate (OHgohymenophorea: Scuticociliatia) associated with 
brown band disease on corals of the Great Barrier Reef. Appl Environ Microbiol 
74: 883-888. 

10. Rosenberg E, Kushmaro A (2011) Microbial diseases of corals: pathology' and 
eeolog)'. Coral Reefs: An Ecosystem in Transition: Springer. 451-464. 

11. Palmer CV, Gates RD (2010) Skeletal eroding band in Hawaiian corals. Coral 
reefs 29: 469^69. 

12. Croquer A, Bastidas C, Lipscomb D (2006) Follicuhnid cihates: a new threat to 
Caribbean corals. Diseases of Aquatic Oragnisms 69. 

13. Sweet MJ, Bum D, Croquer A, Leary P (2013) Characterisation of the bacterial 
and fungal communities associated with different lesion sizes of the Dark Spot 
Syndrome occurring in the coral Stephanocoenia intersepta. PLoS ONE 8: e62580. 

14. Alker AP, Smith GW, Kim K (2001) Characterization of Aspergillus sydowii 
(Thom ct Church), a fungal pathogen of Caribbean sea fan corals. 
Hydrobiologia 460: 105-1 11. 

15. Ein-Gil N, Ilan M, Garmeli S, Smith GW, PawlikJR, et al. (2009) Presence of 
Aspergillus sydowii, a pathogen of gorgonian sea fans in the marine sponge 
Spongia obscura. The ISME journal 3: 752—755. 

16. Weir-Brush JR, Garrison VH, Smidi GW, Shinn EA (2004) The relationship 
between gorgonian coral [Cnidaria: Gorgonaced) diseases and African dust storms. 
Aerobiologia 20: 119-126. 

17. Bruno JF, EUner SP, Vu I, Kim K, Harvell CD (201 1) Impacts of aspergillosis on 
sea fan coral demography: modeling a moving target. Ecological Monographs 
81: 123-139. 

18. Work TM, Aeby GS, Coles SL (2008) Distribution and morphology of growth 
anomalies in Acropora fi-om the Indo-Pacific. Dis Aquat Organ 78: 255-264. 

19. McClanahan TR, Weil E, Maina J (2009) Strong relationship between coral 
bleaching and growth anomalies in massivePo rites. Global Change Biology 15: 
1804-1816. 

20. Doumart-Coulon IJ, Traylor-Knowles N, Peters E, Elbert D, Downs CA, et al. 
(2006) Comprehensive characterization of skeletal tissue growth anomalies of the 
linger coral Porites compressa. Coral Reefs 25: 531—543. 

21. Peters E, Halas J, McCarthy H (1986) Calicoblastic neoplasms in Acropora 
palmata, with a review of reports on anomalies of growth and form in corals. 
Journal of the National Cancer Institute 76: 895-912. 

22. Bak RPM (1983) Neoplasia, regeneration and growth in the reef-building coral 
Acropora palmata. Marine Biology 77: 221-227. 

23. Szmant AM, Gassman NJ (1990) The effects of prolonged bleaching on the 
tissue biomass and reproduction of the reef coral Montastrea annularis. Coral 
Reefs 8: 217-224. 

24. Aeby GS, Williams Franklin EC, Haapkyla J, Har\-ell (JD, et al. (2011) 
Growth anomalies on the coral genera Acropora and Porites are strongly associated 
with host density and human population size across the Indo-Pacific. PLoS ONE 
6: el 6887. 

25. Work TM, Rameyer RA (2005) Characterizing lesions in corals from American 
Samoa. Coral Reefs 24: 384-390. 

26. Sweet M, Jones R, Bythell J (2011) Coral diseases in aquaria and in nature. 
Journal of the Marine Biological Association of the United Kingdom: 1-11. 

27. Sweet M, Kirkham N, Bendall M, Currey L, BytiiellJ, et al. (2012) Evidence of 
melanoma in wild marine fish populations. PloS one 7: e41989. 



Author Contributions 

Conceived and designed the experiments: DS EF RJ MS. Performed the 
exporinienis: DS PL MB EF RJ. Analyzed the data; DS PL MS. 
Contributed reagents/materials/analysis tools: MB EF RJ MS. Wrote the 
paper: DS. 



28. Bjorndahl L, Soderlund I, Kvist U (2003) Evaluation of the one-step eosin- 
nigrosin staining technique for human sperm vitality assessment. Human 
reproduction 18: 813-816. 

29. Shen W, Li S, Chung SH, Zhu L, Stayt J, et al. (20 1 1) Tyrosine phosphorylation 
of VE-cadherin and claudin-5 is associated with TGF-pi-induced permeability 
of centrally derived vascular endothelium. European journal of cell biology 90: 
323-332. 

30. Lenz DH, Weingart CL, Weiss AA (2000) Phagocytosed Bordetella pertussis fails 
to survive in human neutrophils. Infection and immunity 68: 956-959. 

31. Sweet M, Bythell J (2012) Ciliate and bacterial communities associated with 
White Syndrome and Brown Band Disesise in reef-buUding corals. Environ- 
mental microbiology' 14: 2184-2199. 

32. Muyzer (i, Smalla K (1998) Application of denaturing gradient gel 
electrophoresis (DOGE) and temperature gradient gel electrophoresis (TGGE) 
in microbial ecology. Antonie van Leeuwenhoek 73: 127—141. 

33. Zhao B, Chen M, Sun Y, Yang J, Chen F (2011) Genetic diversity of 
picoeukaryotes in eight lakes differing in trophic status. Canadian journal of 
microbiology 57: 115-126. 

34. Diez B, Pedros-^'Mio C, Marsh TL, Massana R (2001) Application of denaturing 
gradient gel electrophoresis (D(XiE) to study the diversity of marine 
picocukaryotie assemblages and comparison of D(iGE with other molecular 
techniques. Appl Environ Microbiol 67: 2942-2951. 

35. Sweet MJ, Croquer A, Bythell JC (2010) Temporal and spatial patterns in 
waterborne bacterial communities of axi island reef system. Aquatic Microbial 
Ecology 61: 1-11. 

36. Green SJ, Leigh MB, NeufeldJD (2010) Denaturing gradient gel electrophoresis 
(DGGE) for microbial community analysis. Handbook of Hydrocarbon and 
Lipid Microbiology: Springer. 4137-4158. 

37. Clarke KR, Warwick RM (2001) A flirther biodiversity index applicable to 
species lists - variation in taxonomic distinctness. Marine Ecology Progress Series 
216: 265-278. 

38. Williams GJ, Work TM, Aeby GS, Knapp IS, Davy SK (2011) Gross and 
microscopic morphology of lesions in Cnidaria fr-om Palmyra AtoU, Centnil 
Pacific. Journal of invertebrate pathology 106: 165-173. 

39. Bums JHR, Rozct NK, Takabayashi M (2011) Morphology, severity, and 
distribution of growth anomalies in the coral, Montipora capitata, at Wai 'opae, 
Hawai 'i. Coral reefs 30: 819-826. 

40. Irikawa A, Casareto BE, Suztiki Y, Agostini S, Hidaka M, et al. (201 1) Growth 
anomalies on Acropora cytherea corals. Marine pollution bulletin 62: 1702—1707. 

41. Domart-Coulon IJ, Traylor-Knowles N, Peters E, Elbert D, Downs CA, et al. 
(2006) Comprehensive characterization of skeletal tissue growth anonialies of the 
finger coral Porites compressa. Coral Reefs 25: 531-543. 

42. Work TM, Aeby GS, Coles SL (2008) Distribution and morphology of growtii 
anomalies in Acropora from the Indo-Paeific. Diseases of Aquatic Organisms 78: 
255. 

43. Cheney DP (1975) Hard tissue tumors of scleractinian corals. Immunologic 
phvlogeny: Springer. 77-87. 

44. Bak RPM (1983) Neoplasia, regeneration and growth in the reef-building coral 
Acropora palmata. Marine Biology 77: 221-227. 

45. Work TM, Aeby GS (2006) Systematically describing gross lesions in corals. 
Diseases of aquatic organisms 70: 155. 

46. Krediet CJ, Ritchie KB, Paul VJ, TepHtski M (2013) Coral-associated micro- 
organisms and their roles in promoting coral health and thwarting diseases- 
Proceedings of the Royal Society B: Biological Sciences 280: 20122328. 

47. lliurber RV, Willner-Hall D, Rodriguez-Mueller B, Desnues C, Edwards RA, 
et al. (2009) Metagenomic analysis of stressed coral holobionts. Environmental 
Microbiology 11: 2148-2163. 

48. Bourne D, lida Y, Uthicke S, Smith-Keune C (2008) Changes in coral- 
associated microbial communities during a bleaching event. ISME J 2: 350-363. 

49. Cardenas A, Rodriguez-R LM, Piiarro V, Gadavid LF, Arevalo-Ferro C (201 1) 
Shifts in bacterial communities of two Caribbean reef-building coral species 
affected by white plague disease. The ISME Journal 6: 502-512. 

50. Cooney RP, Pantos O, Tissier MDAL, Barer MR, ODonnell A(}, et al. (2002) 
Characterization of the bacterial consortium associated with black band disease 
in coral using molecular microbiological techniques. Environmental Microbiol- 
ogy 4: 401-413. 

51. Richardson LL (2004) Black band disease. Coral Health £md Disease: Springer. 
325-336. 

52. Yokouchi H, Fukuoka Y, Mukoyama D, Calugay R, Takeyama H, et al. (2006) 
Whole-metagenome amplification of a microbial community associated with 
scleractinian coral by multiple displacement amplification using phi29 
polymerase. Environ Microbiol 8: 1155—1163. 

53. Lema KA, WiUis BL, Bourne DG (2012) Corals form characteristic associations 
with symbiotic nitrogen-fixing bacteria. Appl Environ Microbiol 78: 3136—3144. 



PLOS ONE I www.plosone.org 



6 



May 2014 I Volume 9 | Issue 5 | e97018 



Blister-Like Syndrome in Echinoporo tamellosa 



54. Littman RA, Bourne DG, Willis BL (20111) Responses of coral-associated 
bacterial communities to heat stress differ with Symbiodinium type on the same 
coral host. Mol Ecol 19: 1978-1990. 

55. Thurber RLV, Correa A (2011) Viruses of reef-building scleractinian corals. 
Journal of Experimental Marine Biology and Ecology 408: 102-113. 

56. Thurber RLV, Barott KL, Hall D, Liu H, Rodriguez-Mueller B, et al. (2008) 
Metagenomic analysis indicates that stressors induce production of herpes-Kke 
viruses in the coral Pontes compressa. Proceedings of the National Academy of 
Sciences 105: 18413-18418. 

57. Bettarel Y, Thuy NT, Huy I'Q, Hoang PK, Bouvicr T (2013) Observation of 
virus-like particles in thin sections of the bleaching scleractinian coral Acropora 
cytherea. Journal of the Marine Biological Association of the United Kingdom 
93: 909-912. 

58. Soffer N, Brandt ME, Correa AMS, Smith TB, Thurber RV (2014) Poiential 
role of viruses in white plague coral disease. The ISME journal 8: 271-283. 

59. Robert J (2010) Comparative study of tumorigenesis and tumor immunity in 
invertebrates and nonmammalian vertebrates. Developmental & Comparative 
Immunology 34: 915-925. 

60. Lackovich JK, Brown DR, Homer BL, Garber RL, Mader DR, et al. (1999) 
Association of herpesvirus with fibropapiUomatosis of the green turtie Chelonia 
mydas and the loggerhead turtle Caretta caretta in Florida. Diseases of aquatic 
organisms 37: 89-97. 



61. Kang Kl, Torres-Velez IJ, Zhang J, Moore PA, Moore DP, et al. (2008) 
Localization of FibropapiUoma-associated Turtie Herpesvirus in Green Turtles 
{CheUmia mydas) by In-Situ Hybridization. Journal of comparative pathology 1 39: 
218-225. 

62. Marschang RE (201 1) Viruses infecting reptiles. Viruses 3: 2087-2126. 

63. Work TM, Dagenais J, Balazs GH, Schumacher J, Lewis TD, et al. (2009) In 
vitro biology of fibropapiUoma-associated turtie herpesvirus and host cells in 
Hawaiian green turtles (Chelonia mydas). Journal of General Virology 90: 1943— 
1950. 

64. Coffee LL, CasevJW, Bowser PR (2013) Patholo^g)' ofTumors in Pish Associated 
With Retroviruses A Review. Veterinary Pathology Online 50: 390—403. 

65. Anders K, Yoshimizu M (1994) Role of viruses in the induction of skin tumours 
and tumour-like proliferations of fish. Diseases of Aquatic Organisms 19: 215- 

232. 

Gf). Aeliy CiS, Williams GJ, Franklin EC, Haapkyla J, Harvell CD, et al. (2011) 
(Growth anomalies on the coral genera Acropora and Porites are strongly 
assoeiated vx ith host density and human population size across the Indo-Pacific. 

PloS one C: el 6887. 

67. Williams G] (2013) C.^onlrasting reeoverv' loUowing removal of growth anomalies 
in the corals Acropora and Montipora. Diseases of aquatic organisms 106: 181— 
185. 

68. Yamashiro H, Yamamoto M, van Woesik R (2000) Tumor formation on the 
coral Montipora informis. Diseases of aquatic organisms 41: 211—217. 



PLOS ONE I www.plosone.org 



7 



May 2014 I Volume 9 | Issue 5 | e97018 



